Time to adequate preoxygenation was assessed in 200 elective surgical patients, using measurement of end-tidal oxygen concentration. A variety of patient factors were assessed as to their ability to predict the time required to preoxygenate a patient. Of the 200 patients, 23 (11.5%) were unable to be adequately preoxygenated; most of these cases were due to a poor mask fit. The average time for preoxygenation was 154 seconds (range 43-364 seconds). Of those patients who could be preoxygenated, 46 (23%) required more than three minutes. Although a regression equation could be constructed to calculate time required for preoxygenation, the wide standard errors of the coefficients preclude a clinically useful predictive equation.
Preoxygenation before induction of general anaesthesia is an accepted practice in many circumstances. The resultant increase in oxygen reserve reduces the risk of hypoxia during rapid-sequence induction, difficult intubation or difficult manual ventilation. I Though the benefits of preoxygenation are widely accepted, the time required to adequately oxygenate (or, more accurately, denitrogenate) the lungs is still disputed ( Table 1) . Evaluation of preoxygenation is also varied, with mass spectrometry,2-4 pulse oximetry [5] [6] [7] [8] [9] or measurement of arterial oxygen tension [9] [10] [11] being used. Mass spectrometry can measure end-tidal nitrogen concentration and thus gives an accurate estimate of adequate preoxygenation (accepted as an end-tidal nitrogen of 40;0 or less), but this equipment is not widely available, is expensive to purchase and maintain, and is often distant from the immediate anaesthetic area. Using "time to desaturation" with pulse oximetry ignores the confounding effect of oxygen consumption and cardiac output, as well as the potential factors influencing accuracy of pulse oximetry itself. 12 Importantly, the anaesthetist wants to know the length of time required to preoxygenate a particular patient in order to achieve adequate denitrogenation of the lungs. Desaturation on pulse oximetry is a delayed, retrospective evaluation. The measurement of arterial oxygen tension in all patients is at present inappropriate, as it is invasive, costly and delayed. Carmichael and colleagues 2 have argued that many studies of preoxygenation have focused on oxygen saturation, rather than alveolar denitrogenation. They measured end-tidal nitrogen concentrations with mass spectrometry on nine healthy volunteers to assess three different preoxygenation techniques. Three minutes of tidal breathing provided a more complete washout of nitrogen from the lungs than either four inspiratory capacity or vital capacity breaths.
The Capnomac Ultima gas analyser (Datex Instrumentarium Corporation, Helsinki, Finland) has the ability to rapidly analyse inspired and expired gas concentrations. It measures oxygen using the paramagnetic principle and thus has a rapid response time (5-95070 =840 msec). 13 End-tidal oxygen concentration has been shown to be an accurate, continuous and noninvasive measure of alveolar oxygen. 14 Thus it can be used to assess adequacy of preoxygenation.
The aim of this study was to examine the time required for adequate preoxygenation in a large sample of elective surgical patients, and to analyse various patient factors that may be used to predict this time interval. The utility of the Capnomac Ultima to measure adequacy of preoxygenation was also assessed.
MATERIALS AND METHODS
After Ethics Review Committee approval and informed consent, 200 patients booked for elective surgery were studied. Patients were excluded if they had severe respiratory disease, morbid obesity, excessive sedation following premedication, hypotension or fever at the time of preoxygenation.
A record was made of the patient's sex, age, weight, height, ASA status, smoking history (non-smoker, exsmoker or current smoker); and, at the time of preoxygenation, heart rate, systolic/diastolic blood pressure and degree of sedation (ordinal scale: 1 = awake and alert; 2 = drowsy, but co-operative; 3 = sleepy; 4 = asleep, difficult to rouse, or unconscious). Group 4 was excluded.
Choice of premedication was left to the anaesthetist responsible for care of the patient.
Upon arrival in the operating theatre, all patients were monitored with 5-lead ECG, noninvasive blood pressure and pulse oximetry (Hewlett Packard M1166A, Hamburg, Germany). Other monitoring was used where appropriate.
The Capnomac Ultima gas analyser was calibrated and used according to the manufacturer's instructions. The end-point of adequate preoxygenation was defined as an end-tidal oxygen concentration of 90%. This corresponds to an alveolar nitrogen concentration of 5% (with 5% end-tidal carbon dioxide).
All patients had been breathing room air for at least 15 minutes before the study period. Before application of the face mask (black antistatic rubber, size 3-5, British Oxygen Co. Ltd, London, UK) to the patient, the anaesthetic machine was flushed through to ensure delivery of 100% oxygen and the two-litre reservoir bag was filled with 100% oxygen. The fresh gas flow was set at 8 litres/min through a circle absorber system with the pressure relief valve fully open. The gas sampling line of the Capnomac Ultima was placed between the face mask and the Y-piece of the circuit to minimise dead space and maximise alveolar gas sampling. Inspired oxygen concentration of 100% was confirmed with the Capnomac Ultima. With the patient supine, and a tight seal effected with the face mask, each was asked to "take slow, deep breaths".
The time taken to achieve at least 90% end-tidal oxygen concentration (from the application of the face mask and commencement of preoxygenation) was recorded in seconds. If, after five minutes, the end-tidal oxygen concentration was not approaching 90%, the patient was excluded from further analysis. This exclusion criterion was chosen as it was found to signify an ongoing leak in the mask fit (and, in fact, the patients plateaued their end-tidal oxygen at a level lower than 90%, depending on the extent of the air leak); hence results would be adversely affected.
Means are presented with standard deviation (SD), 95% confidence intervals (95% Cl) or range, as appropriate. The correlation between the various patient parameters and time to adequate preoxygenation was calculated. Stepwise multiple linear regression analysis of the above patient parameters was used to construct a formula to predict the time required for adequate preoxygenation. The P value for inclusion in the model was set at 0.05, with the P value for removal set at 0.10. Analysis of residuals was also performed. All analyses were performed using SPSS V 4.0 statistics software (SPSS Inc, Chicago, USA). P values are given where appropriate, otherwise a P value <0.05 was considered significant.
RESULTS
The patient characteristics are listed in Table 2 .
Of the 200 patients enlisted in the study, 23 (11.5 %) were unable to be adequately preoxygenated (to achieve an end-tidal oxygen concentration of 90%). Most of these were due to a poor mask fit in bearded or edentulous patients. There was no difference in the characteristics for these patients when compared with those who were adequately preoxygenated.
The average time for adequate preoxygenation was 154 seconds (range 43-364 seconds, 95% Cl 140-165 seconds). When time periods are constructed, a frequency histogram can be used to represent the distribution of preoxygenation time (Figure 1 ). Table 3 illustrates the correlation between patient characteristics and time to adequate preoxygenation_ The regression coefficients are given in Table 4. Stepwise multiple linear regression analysis resulted in the following equation to predict time to adequate preoxygenation:* Time (sec) =0.84 X age (yr) + 0.97 X height (cm)-47 (adjusted r2 =0.062, F=6.81, P=0.0014) *The standard errors for the regression coefficients are age (0.39), height (0.27) and constant (69).
A plot of the residuals displayed a normal distribution curve, with a standard deviation of the residual of 66 seconds. A histogram of the observed versus predicted times found two extreme outliers (predicted = 150 and 125 sec, observed = 360 and 326 sec respectively).
Of those patients who were adequately preoxygenated (n=I77), 46 (2311,10) required more than three Anaesthesia and Intensive Care. Vol. 21. No. 4. August, 1993 minutes to achieve adequate preoxygenation; 22 cases (12070) failed to achieve adequate preoxygenation in four minutes, and seven cases (411, 10) in five minutes. Traditionally, three to five minutes of preoxygenation with a tight-fitting face mask has been recommended to ensure an adequate oxygen reserve during induction of anaesthesia. Three minutes was initially proposed because of the observations of Hamilton and Eastwood 15 that denitrogenation of the lungs is more than 9511,10 complete in three minutes or less in subjects breathing through a circle system with a fresh gas flow of 4 lImin.
More recently, Berthoud and colleagues,3 using mass spectrometry, demonstrated in 12 fit volunteers and 20 patients (details not specified) that preoxygenation with a fresh gas flow of 8 lImin delivered via a Magill or Bain circuit will reduce lung nitrogen to less than 411,10 within three minutes, provided an air-tight seal is maintained around the face mask. Similarly, Russell and colleagues 4 used mass spectrometry to show that with a fresh gas flow of 8 lImin through a Magill circuit, with a prefilled reservoir bag, that two minutes of tidal breathing will adequately preoxygenate 95070 of all healthy pregnant patients.
In this study we have used the Capnomac Ultima (Datex Instrumentarium Corporation, Helsinki, Finland), which measures oxygen concentration using the paramagnetic principle, to directly measure end-tidal oxygen concentration on a breath-by-breath basis. Measurement of end-tidal oxygen has been shown to be an accurate estimate of the alveolar oxygen tension calculated from the ideal alveolar air equation. 14 The Capnomac Ultima is widely available, noninvasive, simple to use and lightweight. It could therefore be used more widely to monitor the process of preoxygenation.
Unfortunately, prediction of time required for adequate preoxygenation is subject to wide variation. The standard errors of the regression coefficients and the standard deviation of the residual both illustrate that a value calculated from the regression equation often differs markedly from the actual observed value. An example of this would be a thirty-year-old patient with a height of 180 cm; our equation would predict they would require 153 seconds for adequate preoxygenation, but the 95% confidence intervals extend from approximately 0 to 400 seconds! This equation is therefore of little use in predicting preoxygenation time.
Routine use of the previously recommended period of three to five minutes may also result in error. A total of 46 cases (23%) required more than three minutes for adequate preoxygenation, with seven cases (4%) requiring more than five minutes; a further 23 (11.5%) patients were not adequately preoxygenated at all. Unlike many other studies, this study is more representative of the surgical population. Recommendations generated from the lung function laboratory are not valid in day-to-day anaesthetic practice. Air leaks are sometimes unavoidable around the mask (as with bearded or edentulous patients) and some patients cannot tolerate a tight-fitting mask. This study demonstrates that routine surgical patients do not follow the expected patterns of alveolar denitrogenation. Hence the only accurate technique of assessing preoxygenation is to monitor alveolar denitrogenation by means of end-tidal oxygen monitoring.
Previous studies have investigated specific subsets of patients (e.g. healthy volunteers, pregnancy, morbid obesity) and produced recommendations for technique (tidal breathing or > 4 maximal breaths) or time required for preoxygenation (2, 3 or 5 minutes). As described above, assessment of the ideal end-point has often been flawed. "Time to desaturation" is not the end-point for preoxygenation, and may be altered by other factors (poor peripheral perfusion, alteration in cardiac output or oxygen consumption). It may also result in unacceptable (though brief) periods of hypoxia. Although these patient groups were not included in our study, the technique of monitoring endtidal oxygen concentration to predict an end-point for adequate preoxygenation would appear to be valid and clinically useful.
A total of 23 patients (11.5%) could not achieve adequate preoxygenation (as defined by an end-tidal oxygen concentration of 90%). Most of these were due to a poor mask fit. Use of a routine three to five minutes, or other methods of assessing preoxygenation, would not detect these patients: hence end-tidal monitoring has the added benefit of ensuring an inspired oxygen concentration of 100% while displaying the oxygraph waveform. Patients who cannot maintain a tight mask fit or are intolerant of the mask may benefit from use of a clear PVC mask using oxygen delivered at 48 lImin. 16 The aim of preoxygenation is to denitrogenate the lungs. The largest reserve of nitrogen lies in the functional residual capacity (FRC), the volume of which can be predicted from patient parameters such as age, sex, height and weight. 17 Despite this, there was only weak correlation between such factors and time to preoxygenation. Therefore other (unmeasured) factors must be important. This is illustrated by the low coefficient of variation (r2), whereby only 6.2% of the time required for preoxygenation is explained by the regression equation.
In this study, older patients tended to require longer to preoxygenate. This is consistent with the findings of McCarthy and colleagues 9 who reasoned that closing volume increases with age, leading to less efficient denitrogenation during a preoxygenation sequence at normal tidal volumes, and that this could mean that longer periods of preoxygenation could be required in the elderly.
Physiological principles support that increasing rate of ventilation will facilitate alveolar denitrogenation. However, in anaesthetic practice this may also increase the amount of air leak during maximal inspiratory flow rates, so that an inspired oxygen concentration of 100% (and alveolar denitrogenation) is not actually achieved. Monitoring end-tidal oxygen concentration will detect such a situation, and so can lead to adjustment of mask fit or pattern of breathing.
This study has defined adequate preoxygenation as being equivalent to alveolar denitrogenation of at least 95%. This extent of alveolar denitrogenation may not be necessary in routine practice, as even partial alveolar denitrogenation will increase the safety margin in preventing hypoxia at induction of general anaesthesia. 18, 19 However, some patients and some situations require optimal conditions for what may involve prolonged difficulty in securing an airway. Use of the Capnomac Ultima may assist the assessment of optimal preoxygenation by ensuring an end-tidal oxygen concentration of at least 90070. This will result in an oxygen store (mostly in the functional residual capacity) of 2 to 2.5 litres. With an average oxygen consumption of 250 to 300 ml/min, this may provide adequate oxygenation during apnoea of up to five minutes.
In summary, we have found that it is not useful to attempt to predict the time required to adequately preoxygenate a patient and use of a routine time interval (e.g. three minutes) may not be sufficient for many patients. The measurement of end-tidal oxygen concentration is a very useful method of determining the ideal end-point for preoxygenation and could be applied to a wider patient population.
